Iron dye-mediator couple could achieve 6% efficiency if highly selective electrodes are used, compared to 0.45% at best using the conventional approach. The analysis suggests that upon the realization of highly selective electrodes and an improved dye/mediator couple, an efficiency of 13%, and potentially higher, should be achievable from the new configuration.
approach, a new vertical configuration is employed with light coming between the two electrodes. This way, the light absorption and hence electron generation is spread through the depth of the device.
The depth therefore can be adjusted according to the concentration of the dyes to absorb all the incoming photons even with low solubility dyes. As a result of distributed electron generation, unreasonably fast electrode kinetics are no longer required. The proposed configuration is mathematically modeled and the advantages over the conventional cell are shown. A numerical model is built for more detailed analysis that gives practical guidelines for working towards device parameters with high power conversion efficiency. The readily available ThionineIron dye-mediator couple could achieve 6% efficiency if highly selective electrodes are used, compared to 0.45% at best using the conventional approach. The analysis suggests that upon the realization of highly selective electrodes and an improved dye/mediator couple, an efficiency of 13%, and potentially higher, should be achievable from the new configuration.
Introduction
Solar energy is the most abundant of the readily available renewable energy sources. So far, the cost of conventional solar power relative to fossil fuel alternatives has impeded its widespread use in grid-tied locations. Many approaches are being taken to reduce the cost of the solar power. Photogalvanic cells (PGC) were studied immensely in 1980s as a cheap solar energy harvesting system. The photogalvanic effect was first observed in 1925 by Rideal and Williams [1] , and it was Rabinowitch that initially investigated the much studied iron-thionine photogalvanic system [2] . Several other groups pursued the work both to understand the mechanism and to find the optimum device configuration for PGCs [3, 4, 5, 6, 7] . These studies together with the work on semiconductor electrochemistry by Gerischer [8, 9] , Nozik [10] and Gratzel [11] led the design of dye sensitized solar cells(DSSC) [12] . The analytical analysis of PGCs proposed by Albery and Archor [13] showed the possibility of high performance PGCs given certain conditions of device geometry and chemistry. Use of micelles in photogalvanic cell have been suggested by Groenen et al. [14] in order to increase dye solubility and suppress back-reaction. Recently, a set of empirical studies examined a variety of dye/mediator couples, including the study of several dyes by Gangorti et al. [15, 16, 17, 18] , the effect of surfactants by Genwa [19, 20] and even the use of mixed dyes by Lal et al. [21] . The highest efficiency of a PGC is claimed by Bhimwal and Gangotri to be 1.62% with methyl orange as photosensitizer dye [22] , which expresses how far these devices are from practical use. Selective electrodes, fast electrode kinetics and high solubility of the dyes are the main unsatisfied properties of a good PGC. We propose a change in the configuration of the PGC that lightens up some of the hard to achieve requirements and we justify our proposed structure by analytical and numerical analysis.
Instead of illuminating the device through the electrode as was done in the previous work, we suggest vertical alignment of PGCs so that the light comes in from the gap between the two electrodes as shown in Figure 1 . This way, the light absorption and hence electron generation is spread through the depth of the device. As a result of larger absorption length, smaller current densities are expected and fast electrode kinetics are no longer required. The depth can be adjusted according to the concentration of the dyes, and thus deeper cells enable low solubility dyes to be employed. Multiple devices stack next to each other to cover surfaces. We suggest the investigation of this structure due to more relaxed requirements and higher possible efficiency.
In the next section, the working principle of PGCs will be explored followed by the outlines of the theoretical work on conventional cells. The design guideline for efficient cell will be presented as was published by Albery et.
al [4] . The analysis of vertical cells is then presented and the requirements for high efficiencies will be derived from mathematical modeling. Several design factors will be discussed and compared to the conventional cell and the advantages of the new configuration are shown. In the simulation section the framework of a 2D computer model for PGCs is explained. Both cells are then modeled and optimized, assuming in one case known properties of dyes and mediators, and in the second case given dyes and mediators that should be physically realizable which gives a target configuration for PGCs.
The expected efficiencies are compared. The benefits of the vertical cell are demonstrated and the target device parameters are shown to make the cell more viable than the conventional cell.
Background
The power generation process in photogalvanic cells starts with the photoexcitation of dissolved dye followed by dye reaction with an electrolyte redox system called a mediator. The excited dye can be reduced or oxidized by the mediator depending on the dye and mediator combination selected. The redox couple and the stabilized dye then can react on the electrodes to generate current. In this work, the classic process of a dye-electron donor will be explored, whose schematic is shown in Figure 2 .
The excitation step happens almost instantly after the absorption of the photon. The relaxation process happens at a rate of k Relax which is usually a very fast process and takes 10 −12 ∼ 10 −9 s (reaction (1), in parentheses),
If the excited dye lives long enough to diffuse in the electrolyte and interact with a charge mediator, the excited dye will be quenched which results in two charged species;
where S, S * and S − are relaxed, excited and reduced states of the sensitizing dyes and M/M + is the mediating redox couple. Since the products are at high energy levels, they will recombine in the bulk with the rate constant of k r which is the main loss mechanism of the cell,
In order to extract the absorbed energy, the products of reaction (2) should diffuse to the electrodes before their recombination though reaction (3) . It is also desired that each redox couple only interact with one of the electrodes in order to avoid electrode mediated recombination of the species
i.e. electrodes should behave selectively towards the couples. In this case,
In the case of fast kinetics of these reactions, the electrode potentials will follow the potential of the redox couples, therefore, an open circuit potential difference of ∆E ≈ |E S − /S − E M + /M | is expected from this cell.
Albery examined the electrode-illuminated cell analytically and derived some design criteria for photogalvanic cells [13] . The differential equation
governing the photo-absorption by dye molecules, the reaction of excited dyes and mediators, and the transport of species were solved simultaneously.
The output of the analysis were four characteristic lengths of Table 1, which should be balanced according to cell requirement to achieve a high power efficiency.
The complete absorption of the incoming light requires that the device
Typical diffusion length before recombination
Typical distance dye diffuses between photon absorption events be deep enough that most of the light be absorbed, or X ε << X l . In order to extract the separated charge, generated M + ions need to travel to the illuminated electrode before their recombination, therefore, the distance over which generation is occurring should be less than the length over which it will likely diffuse before recombining through (3), and hence X ε << X k .
Additionally, the excited dyes should be replaced by fresh ones before the arrival of the next photon in order to avoid solution bleaching, and hence,
The requirement of a net positive bulk generation requires that generation rate be faster than recombination rate therefore X g ≤ X k . Finally, the maximum travel length is the distance between the electrodes, therefore the other three length constants should be smaller than X l . The following formula was suggested for these values:
These relations define the approximate conditions for the optimized cell.
Using the typical values of D, ε and I 0 , a set of parameters were derived by Albery et al. [4] to make an efficient cell as shown in Table 2 . One last requirement is that electrode kinetics be fast compared to the mass transport and recombination rates, and thus satisfy the following conditions:
The first condition ensures that the product species are generated close enough to the electrode to be able to interact with it and the second condition provides for a higher chance of electron extraction than bulk recombination.
As explained briefly in the introduction section, the latter condition of electrode kinetics is hard to satisfy, particularly in case of selective electrodes as any surface modification impedes the electron transfer between ions and the electrode. Additionally, fast electrode kinetics is incompatible with slow bulk reactions according to Marcus theory [23] . In other words, no dye/mediator/electrode combination is likely to be found that offers both fast electrode kinetics and slow bulk recombination. Finally, the solubility of the dyes are much lower than the requirements of Table 2 [24], as a result, photogalvanic cells show poor efficiencies. Arranging the light path to be parallel to the electrode surfaces, as shown in Figure 1 , is now shown to alleviate a number of constraints. We investigate the requirements of target vertical cell in the next section and show that the proposed cell is less demanding in these two areas, i.e., moderate electrode kinetics and dyes with low solubility can still be utilized in an efficient vertical cell.
Analytical analysis of the vertical photogalvanic cell
The vertical photogalvanic cell of Figure 1 with the reactions shown in Figure   2 , is modeled in order to estimate the feasibility of the requirements for such a cell to work efficiently. First, an analytical model is presented that allows defining guidelines for design of efficient target vertical cells. This is followed by a numerical simulation, allowing the cell efficiency to be estimated.
A comparison of maximum generation rate-which happens at the illuminated electrolyte surface-and the quenching rate constants, shows that even at small concentrations of mediator, the charge separation of reaction (2) happens much faster than the initial photo-excitation of the dyes, reaction (1) (as has been previously assumed by Albery [13] ). Therefore, the two stages of light absorption and charge separation can be simplified into a single reaction of :
where S/S − represent the two states of the dye and M/M + those of the mediator. G op , k f and k r are bulk reaction rates for optical generation, dark forward reaction and bulk recombination, respectively. M/M + concentrations are assumed constant in the analysis by adding a condition that mediator concentration is much larger than that of the dye, following Albery [13] , in order to enable an analytical solution. As a result of illumination to the gap, the optical generation, G op , varies through the depth. This generation is averaged over the cell depth in our one dimensional analysis and therefore is independent of dye concentration as long as the cell is built deep enough to absorb all the incoming light. The assumptions of uniform generation and constant mediator concentration are removed in numerical analysis provided in the next section.
A diffusion-recombination reaction mechanism is considered for the transport in the bulk at steady-state,
In order to simplify the expressions, it is useful to rewrite the equations in dimensionless form. The length is normalized to the cell length, l, and the concentrations to the dark dye concentration, [S d ]. The unitless bulk reaction will be as follows,
Parameter α compares the cell length to generation length, the distance dye diffuses before being hit by a photon. A large α guarantees dye excitation before traveling the length of the cell. β represents the cell length compared to recombination length, which is the diffusion distance of the charged states before recombination in the bulk. A small β is desired in order to increase the chance of charge extraction. For the analytical analysis section, completely selective electrodes with fast kinetics are assumed to be employed, where each electrode interacts only with one redox couple. The optimum cell performance conditions, which we are looking for, happen under this condition which guarantees minimum recombination. (The effect of the non-perfect mediator discrimination will be explored in the numerical analysis). This assumption allows us to assign all the current from the left electrode to the interaction with the S/S − couple, therefore,
where J is the cathodic current density, F is the Faraday constant, D is the diffusion coefficient and m is the normalized current density. On the right electrode, no electron transfer happens with dyes due to the complete selectivity assumption. The boundary condition is then
Solving equation (9) with boundary conditions of (11) and (12) results in a normalized concentration profile as follows
All device characteristics can be derived from equation 13-most importantly, the current density, m, which relates to u through (11) . We can define the cell efficiency in terms of concentration to be able to calculate cell parameters, l,
and k r , for the optimized cell. The concentration at the surface of the electrode can be written as
The output voltage of the cell, the difference in electrode's electrochemical potential, is also normalized. The unitless potential difference, ∆P can be calculated as equation (17) 
The efficiency of the cell can then be calculated by dividing the product of the output current and voltage by the incoming light power. Using equations (17) and (14), the efficiency can be written in the following form,
The two right hand side terms are functions of u 0 and therefore m, the current density, which is dependent on the load connected to cell. In order to deliver the maximum efficiency, one should maximize this part, ψ, by adjusting the load and make those terms as close to unity as possible. The part that mainly governs the magnitude of the efficiency is the leftmost product in (19) , called θ, that needs to be maximized by adjusting the cell parameters.
We first look for the cell conditions that optimize this term, then adjust load, and therefore u 0 , to maximize the two RHS terms.
Geometry optimization
Inserting the values of α and β into θ, one can write this efficiency term in the form of
All the variable parameters of equation (20) are collected in the second term which represents a half-bell shaped function of β whose maximum occurs at zero, as depicted in Figure 3 . Charge extraction at the electrodes always competes with bulk recombination, therefore a larger β (faster bulk recombination or wider device) consistently reduces the efficiency. Consequently, the cell length should be decreased to the extent that is allowed by the manufacturing limitations to have an efficient cell. One can see that θ still has 76% of its maximum value when l
1, which gives some room to deviate from the maximum point without a huge efficiency loss.
Assuming a slow -but feasible -bulk recombination rate of k r = 0.5 × 
Load optimization
Both bracketed terms in the load dependent part of equation 19 , ψ, should approach unity in order to achieve maximum efficiency. For this section, this condition is assumed to be satisfied and an optimum load condition is calculated. The assumption is subsequently shown to be valid. Keeping that in mind, and neglecting the product of the small terms, ψ can be approximated as :
Differentiating with respect to u 0 shows a maximum at u 0,m =
and ψ m 0.91. Figure 4 shows the variation of ψ with respect to u 0 for some typical cell parameters, where u 0,m is located very close to zero. The maximum efficiency load for this case happens close to the short circuit conditions which happens at u 0 = 0 according to equation (14) .
Estimation of maximum efficiency
Altogether, total efficiency of the vertical photogalvanic cells would appear to go as high as 28 and 22 % for 20 and 100 µm device lengths, respectively.
The conditions for such performance are given above. In terms of device length constants, one can conclude the recombination length X k should be larger than the device length X l as shown in Figure 3 . The light absorption in the vertical configuration is not limited to the electrode separation, however, since all the light needs to be captured, the cell thickness must be much larger than X ε , i.e. d >> X ε . As calculated above, the l
should be smaller than unity, which puts limits on bulk recombination rate, mediator concentration and device length. In practice not all the given device parameters are readily achievable, but, as will be discussed later, they are more practical than those of traditional PGCs. In the next section these parameters will be fine tuned in a more realistic 2D system using electrodes with less than perfect selectivity. 
Simulation of the photogalvanic cell

Equation set
Reactions (1), (2), (3) and (4) describe the interactions happening in a working photogalvanic cells. Below, the main bulk reaction is shown using both the notations used in the simulation and our analytical analysis,
A reaction-diffusion system of equations is set up to model the transport of species in the photogalvanic cell as shown in equation (23),
On the electrodes, reactions happen at different rates. The selectivity constraint requires that each electrode has fast kinetics with one couple and slow kinetics with the other one and the dominant reaction be that of equation (24) . The Butler-Volmer equation is used to describe the electron transfer at the interfaces, (On electrode 1) (25) where η, the overpotential, is the difference between electrode's potential and the standard potential of the redox couple (η a = E elec −E The other linking variable is the generation term in equation (23) . Assuming absorption to happen at a constant wavelength for simplicity, one can approximate the optical generation rate as
where z can be the vertical or horizontal direction depending on the illumination direction. As can be seen in equations (26) and (27) 
Results
Photovoltaic devices traditionally use electrodes that lie in a plane that is ideally perpendicular to the direction of the incident light. One can extract most of the generated charges by putting the extracting electrode close to the absorbing section (junction). For the same reason, photogalvanic cells are illuminated through one transparent electrode while the other electrode is typically kept in the dark. This way, the peak generation happens very close to the collecting electrode. Despite Albery's initial analysis that showed 18% efficiency [26] , he concluded later that some practical restrictions limit the performance to 5% [24] . He derived conditions for this 'optimal' cell as shown in Table 2 . Simulations of the classic iron-thionine cell, and of Albery's 'optimal' cell integrated with a pair of selective electrodes were performed in our 2D model and the device optimization resulted in a power conversion efficiency of 0.45% and 3.7%. Thus it is not surprising that the best experimentally measured performance from the PGC is 1.62 % [22] (in which no significant selectivity is present). To understand the ultimate performance expected from these devices, the cell parameters were investigated again in the 2D model. The optimized traditional configuration cell, listed in Table 3, showed an efficiency of 2.07%. Only the extreme case of completely selective electrodes raise the efficiency to 3.7%.
Albery's Optimal (Perfect Selectivity)
Albery's Optimal (Partial Selectivity) [4] IronThionine [24] Explanation
.07 % 0.45 % Efficiency Table 3 : Device parameters and performance of electrode illuminated photogalvanic devices. Efficiencies, η, are as computed using COMSOL.
It should be noted that even this low efficiency performance is impractical in reality. Some characteristics used in Table 3 to compute Albery's 'optimal'
are incompatible with each other and some are simply hard to achieve. For example, very few redox couples and electrodes meet the very fast electrode kinetics requirement of equation 6b. Fast electrode kinetics, needed to produce high currents, are also incompatible with slow bulk reactions (needed to reduce recombination losses between mediators) according to Marcus theory [23] . The actual solubility of the dyes are much lower than those assumed here, which leads to poorer performances in practice compared to the theory.
In the suggested vertical configuration of Figure 1 , light absorption and charge extraction lengths have been decoupled, therefore a smaller dye concentration can be utilized to reduce the current density through the electrodes while not affecting the generated current per illuminated surface. Electrode kinetics need not to be particularly high if dye concentrations are low, and similarly diffusion lengths to electrodes can be relatively long (provided they are similar to or shorter than the recombination length). The selectivity level of each electrode -the difference in reaction rates towards the two redox couples -is investigated. The results show that a 6 to 7 order of magnitude difference in rate constants is enough to achieve an efficient cell.
The vertical cell is modeled in COMSOL, and shows improvement in performance. The efficiencies of the target and iron-thionine cells were found to be 12.9% and 6%, respectively for a 100 µm cell length. Because of the partial selectivity of the electrodes and the concentration dependent optical generation that were neglected in the theoretical model, these values, achieved with parameters of Table 4 , are smaller than the prediction of the analytical analysis. The parameters listed in Table 4 As explained in the analytical section, electrode separation is inversely related to the performance. Figure 6 shows the efficiency of top and side illuminated cells for different cell lengths and electrode selectivities. Device performance is more sensitive to selectivity in vertical cell for device lengths larger than 20 µm. Therefore, a pair of selective electrodes is crucial in making a practical vertical PGC. For the target cell, this length was set to 100 µm for practical reasons, however, as shown in Figure 6 , efficiencies up to 20.2 % is achievable with thiner vertical cells. It can be seen that 12.9 % efficiency of the 100 µm vertical PGC is not achievable with any conventional PGC regardless of the geometry.
Overall, promising device performance is expected with physically feasible parameters which are close to the maximum we think can be achievable.
Further research is required to find dye/mediator couples in order to improve these parameters. Due to the small length of each cell, multiple cells must be fabricated in series to cover large areas.
Target vertical cell
Iron-Thionine vertical cell Table 4 : Device parameters and performance of vertical photogalvanic devices. Efficiencies, η, are as computed using COMSOL.
Conclusion
Vertical configuration photogalvanic cells are suggested and modeled. The
analysis of an individual cell shows this configuration should result in higher efficiencies than where the illumination is through the electrode. To be effective, sub-millimolar dye concentration and slow bulk recombination rate on the order of 10 3 M −1 s −1 are required, which is not easy to achieve but not impossible as iron-thionine recombination rate is half this number. Electrode kinetics should be reasonably fast, but extending the light absorption through a depth of the cell makes moderate electron transfer rate constants of 10 −5 ms −1 sufficient, which is 100 times slower than the requirement for the traditional cell. The electrodes were assumed to be completely selective in the analytical section, but optimizing this parameter in the numerical analysis revealed a need for 6 to 7 orders of magnitude difference in rate constants. So far, selectivity up to 3 orders was shown by our group [27] .
Further work needs to be done in this area. All in all, we believe vertical PGCs can be used as cheap, low maintenance solar cells assuming that proper electrode-dye-mediator-electrode combination is found. 
(1) . θ max happens at very small device lengths, however, the device length should be balanced between performance and fabrication limitation. 
